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Abstract: Coffee leaf rust is the most damaging disease for coffee cultivation around the world. It
is caused by a fungal pathogen, Hemileia vastatrix (Hva), belonging to the phylum Basidiomycota.
Coffee leaf rust causes significant yield losses and increases costs related to its control, with evaluated
losses of USD 1–2 billion annually. It attacks both the cultivated coffee species Coffea canephora
(Robusta coffee) and Coffea arabica (Arabica coffee). New races, or pathotypes, are constantly emerging
with increased virulence, suggesting a rapid evolution of the pathogen. Previous genetic and genomic
studies have indicated a limited nucleotide diversity of Hva despite a high genetic diversity and large
genome size estimated to be ~800 Mb, with a high content of repeated sequences (>74%). Despite
several genomic resources and the release of a recent partial genome sequence, the diversity of
these repeated sequences and how they may impact the evolution of the leaf rust genome have
not been investigated in detail. In an attempt to characterize the transposable elements within the
Hva genomes, we report here new lineages of long terminal repeat (LTR) retrotransposons, called
CO-HUI, Soroa, and Baco, which are classified into Gypsy, and and Labe and Mapi, which are
classified as Copia. The CO-HUI and Soroa elements represent the main part of all Hva transposable
elements, as well as approximately 37% of the available genome assemblies. Mapi and CO-HUI are
the main expressed families in RNA-seq data. Although Soroa is the lineage showing more insertions
into exons and genes, Mapi seems to be more frequently involved in co-expression with genes. All
these new families are also present in the Pucciniales, suggesting that they dynamically participate in
their genome evolution.

Keywords: Hva; transposable elements; new lineages; genome size; Pucciniales; PucciDB

1. Introduction

Coffee is one of the most traded commodities worldwide and has an important eco-
nomic impact on growing regions globally. Approximately 70% of its production is destined
to international trade (USDA, https://apps.fas.usda.gov/ accessed at 12 December 2021).
Nearly 70 countries are coffee producers, with Brazil as the largest producer and exporter
and Colombia as the third-largest producer (USDA, https://apps.fas.usda.gov/ accessed at
12 December 2021). In Colombia, the coffee sector has had an essential role in the economy
because of its impact on more than 560,000 coffee growers and their families [1]. The
most common pathogen affecting coffee crops worldwide is leaf rust, which is caused by
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Hemileia vastatrix (Hva) [2]. In the absence of control methods, the pathogen has been
reported to cause 35% of the losses in the susceptible varieties of Coffea arabica during
epidemics [3–5]. It was responsible for the collapse of coffee production in India and
Ceylon by the mid-19th century [6]. Over 55 Hva races have been reported throughout the
world [4,7], and they have been shown to have a great genetic diversity using RAPD and
AFLP [8,9] and sequences of internal transcribed sequences (ITS) [10].

Genomic studies of plant pathogens have provided insights into their evolution, the
mechanisms that generate genetic variability, and the repertoire of genes involved in
pathogenesis. These studies have also shown that rust fungi exhibit large genome size
variations, for example, Melampsora lini [11] has a genome size of 189 Mb fungal compared
to other fungi, such as Ustilago maydis, with a genome size of ~20 Mb [12]. Other non-rust
Pucciniomycotina fungi such as Mixia osmundae [13], or others of the order Pucciniales,
show huge genomes with an average size of 305.5 Mb [14].

Rust (Pucciniales) genomes are particularly difficult to sequence and assemble due to
their repetitive content and large genome size. Here, the transposable elements represent
up to 50% of the genome [15]. As a consequence, although there are studies at the RAD
sequencing level [16,17], to date, only 19 genome assemblies (at the scaffold level (https://
www.ncbi.nlm.nih.gov/datasets/genomes/?taxon=5258&utm_source=data-hub, accessed
at 19 January 2022)) from these plant pathogens have been reported. These genome
assemblies include: Melampsora larici-populina (101 Mb), Puccinia graminis (89 Mb) [18],
Puccinia triticina (~106 Mb) [19], Puccinia striiformis (~88 Mb) [20], and Austropuccinia psidii
(1.2 Gb), the largest assembled fungal genome to date [21]. For coffee leaf rust, there are
currently two draft genome assemblies, one with a length of 201 Mb, released in 2014 [22],
and the other with an assembly length of 543 Mb, as published in 2019 [23].

The first Hva genome was sequenced using pyrosequencing (454 Roche) and showed
that the genome was larger than 700 Mb [24,25]. Unfortunately, this genome sequence
was very fragmented and unsuitable for the development of molecular markers with the
objective to study the diversity of the fungus. Some of the reasons for not obtaining the
highest quality genome were the short-read technologies available at the time, the cost of
these technologies, and the fact that the genome became much larger than expected for
this species. More recently, using short-reads from Illumina and long-reads PacBio, a new
Hva genome assembly was released, and it showed that approximately 80% of the genome
is composed of repetitive sequences, of which 43.6% are transposable elements (TEs) [23].
However, the precise annotation and classification of TEs at the lineage level and their
dynamism were not studied.

TEs are the dynamic part of a genome. They can move within and between genomes,
increase their copy number, and, consequently, increase the size of their host’s genome.
They can also induce mutations and changes in gene expression [26]. TEs are classified
according to various parameters, one of the most important of which is the mechanism
of transposition [27,28], where they are classified into Class I or “retrotransposons” and
Class II or “transposons”. Retrotransposons transpose by a “copy and paste” process,
making use of an RNA intermediate that is then transcribed to cDNA (complementary
DNA) to be introduced into the genome [29]. Transposons, on the other hand, move
by a cut-and-paste mechanism, where their intermediary is DNA [30]. Notably, Class I
TEs contribute significantly to genome size, while Class II TEs contribute more to allele
diversity [31]. TEs are found in abundance in eukaryotic species, being up to 80% in plant
species, including wheat, barley, and maize [32–34], and also ~42% of the coffee Robusta
genome [35]. TEs are able to generate a significant impact on function and structure
from genetic disruption and genomic restructuring, which might cause the translocation,
duplication, or deletion of some fractions of the genome [36], and adaptation, evolution [26],
and centromere composition in plants [37].

In fungi, genome plasticity is evidenced by whole genome duplication, hybridiza-
tion [38], and, sometimes, chromosomal rearrangements and mutations caused by TEs.
These mutations can, in turn, generate new genes through the modification of exons and
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the recruitment, or ‘domestication’, of TE genes, which can produce specific functions in the
host [39]. On the other hand, the insertions of these elements in the existing coding genes
can alter their function, and, therefore, the effector proteins [40] secreted by pathogenic
fungi to stimulate plant infection. In the same way, it has been observed that the TEs
are inserted close to the pathogen factors in genomes [39,41], as is the case of M. oryzae
where the TEs are located at a distance of 1 kb from these coding genes [42]. The mutations
generated by the insertions of the TEs can produce new pathogenic variants, which can
invade host plants that previously would have acquired resistance, and therefore expand
their range of hosts [41].

TEs can be associated with the adaptive evolution of fungi via recombination processes,
leading to genomic diversification [41]. Since TEs are present in large quantities, they could
be used as a bridge between host–pathogen relationships. The host genome could use TE-
encoded genes by molecular recruitment or domestication processes, leading to the creation
of new TE-derived genes, and thus new functions [43]. The coevolution generated between
the pathogen and the host is influenced by the adaptation produced by the TEs, which
guarantees the survival of the phytopathogen. However, this compartment drives the
adaptive evolution of effector genes linked to pathogenicity [44]. Therefore, it is estimated
that the influence of TEs on the adaptation of fungi to the host and the environment implies
that a more dynamic pathogen is produced that is resistant to external changes related to
the host and chemical controls such as fungicides [41].

In an attempt to characterize transposable elements within the Hva genomes, we report
here new lineages of long terminal repeat (LTR) retrotransposons, called CO-HUI, Soroa,
Baco, which are classified into Gypsy, and Labe and Mapi, which are classified as Copia.
The CO-HUI and Soroa elements represent the main part of all Hva transposable elements,
as well as a significant part of the available genome assemblies (up to 37%). While Mapi
and CO-HUI are the main families expressed in the RNA-seq data, Soroa is the family with
the most insertions in genes and exons.

2. Materials and Methods
2.1. Genomic Data Used

In this analysis, two Hva assemblies available at NCBI were used. The first one,
named by authors as HvCat (Hva of Coffea arabica var. Caturra), as published in 2014:
GenBank assembly accession: GCA_003057935.1 [25], has a total length of 201 Mb, with
a scaffold N50 = 3621 Kb, and was obtained by the 454-pyrosequencing technology (SRA
accession number of raw reads: SRR833265). The second assembly, as reported in 2019:
GenBank assembly accession: GCA_004125335.1 [23]), was named by authors as Hv33,
and has a total length of 543 Mb, with a scaffold N50 = 9937 kb, and was obtained by the
PacBio and Illumina HiSeq sequencing technologies. RNA-seq data (Illumina HiSeq 2000,
San Diego, CA, USA) published by Cristancho and coworkers [25] (SRA: SRR1124793) was
used to analyze the expression of LTR Retrotransposons (LTR-RTs). The RNA-seq data was
obtained from infected coffee leaves with no evidence of the presence of the hyperparasitic
fungus Lecanicillium lecanii.

2.2. Identification and Annotation of TEs

For the TE library creation, different software following distinct approaches, such as de
novo, homology-based, and structure-based, were used. For detection, the Hv33 assembly
was analyzed using REPET [45], RepeatModeler version 2 (http://www.repeatmasker.
org/RepeatModeler/, accessed at 30 January 2022), LTR_STRUC [46], EDTA [47], and
LTR_finder [48]. Then, the detected LTR-RTs were classified using Inpactor version 1 [49]
using the domain sequences from the Gypsy database [50] as references. PASTEC [51] was
used to classify the other types of TEs. Next, a clustering was made using CD-HIT [52], with
a minimum of 95% of nucleotide identity and a maximum length of 50,000 bp (parameters -c
0.95 -M 50000) to remove redundancy.

http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org/RepeatModeler/
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Because of the high number of unclassified elements, a phylogenetic analysis was
carried out using Inpactor’s step 4 (which performed a multiple alignment and created
the phylogenetic tree through MAFFT software [53]) with RT domains (with more than
200 amino acids). The phylogenetic analysis was confirmed using all domains found in
the genome, and those trees were edited using Figtree (http://tree.bio.ed.ac.uk/software/
figtree/, accessed at 24 February 2022). Then, a lineage-level classification of LTR-RTs
was proposed based on the phylogenetic tree and each unknown lineage was named.
One representative sequence for each lineage or family was extracted, which contained
the maximum number of domains, and an alignment was made against the NCBI non-
redundant database to search if these elements had been reported previously. Finally, TEs
were annotated using RepeatMasker (http://repeatmasker.org, accessed at 30 January 2022)
in both assemblies, and the raw 454 reads of the HvCat assembly were mapped with the
TE library using Magicblast [54] with the parameters -s 500 –pi 80, with each assembly
used against the same library to compare the results obtained by the raw reads. Then, the
fragment copies identified for the RT domains were counted to calculate the contribution
of each LTR-RT lineage to the genome size.

2.3. Structural Characterization of the LTR-RT Lineages

After annotating the TEs in the genome and searching those elements in the NCBI
databases (https://www.ncbi.nlm.nih.gov, accessed at 9 October 2021), a characterization
of the complete copies of the LTR-RTs was carried out. Thus, a BLASTn was made with the
TE library against the genome and hits which satisfied the 80-80-80 rule (80% of similarity
along 80% of the sequence with a minimum of 80 bp of the reference aligned against the
target sequence) were extracted [27]. These sequences were classified with the same lineage
or family of the TE in the library with its match. Using the complete copies obtained
above, a search for the structural features of each LTR-RT lineage was performed. First, the
presence or absence of domains needed for retrotransposition was estimated. Then, the
distribution of sequence sizes of each lineage was found in order to provide key elements
for the understanding of these new families. Finally, the size of the LTRs of each element
was obtained and the distribution was calculated for each lineage.

2.4. Expression Analysis and Relationship with Coding Sequences

Due to the important portion of the genome represented by the LTR-RTs, we were
interested in searching for the interaction of those elements with the coding regions, and
so ~60 million HvCat RNA-seq reads (SRA: SRR1124793; [22]) were mapped against the
TE library using Bowtie2 [55]. Then, total counts were normalized using the RPKM (reads
per kilobase per million) method, taking into account the average length of each element’s
lineage. Next, we searched for CDS (CoDing Sequence) from the Pucciniales species
found in the NCBI nucleotide database, and they were used in the co-expression analysis.
Mapping was carried out between the RNA-seq reads and the TE library using Bowtie2 to
extract the discordant reads. Later, an alignment was made between the unmapped reads
and CDS using the BLASTn. Then, the reads with a similarity percentage of lower than
95% were filtered, and, finally, the count of hits of the LTR-RT was carried out.

Lastly, the LTR retrotransposon insertions were analyzed in the Hv33 genome with
the aim of finding if those elements were inside genes or exons. Thus, the Hv33 annotation
was used to first extract gene sequences using seqret from EMBOSS [56]. These sequences
were then aligned by the BLASTn with the TE library to filter out the genes with more than
90% sequence length and more than 90% sequence similarity. Next, bedtools intersect [57]
was run using the Hv33 annotation (without the filtered genes) and the LTR-RT annotation
done by RepeatMasker. The final step was to count how many intersections were found
between each lineage/family of the LTR-RTs and the genomic features marked as genes
or exons.

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://repeatmasker.org
https://www.ncbi.nlm.nih.gov
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2.5. LTR-RT Analysis in Other Pucciniales Genomes

A search for complete elements in 21 available Pucciniales genomes was performed
(Supplemental Materials File S1). In order to understand the evolution dynamics of the TEs
presented in these genomes, a phylogenetic tree was constructed using the most conserved
genes. First, BUSCO v.4.0.5 [58] was executed and the basidiomycota_odb10 database
included all species and 25,343 complete genes (single copies and duplicates). Then,
all gene sequences by each species were concatenated into a single sequence (obtaining
one sequence per genome) and a global alignment using MAFFT v.7.313 [53] was per-
formed (with the parameter “–maxiterate 100”), and then the tree was edited using Figtree
(http://tree.bio.ed.ac.uk/software/figtree/, accessed at 24 February 2022).

Using the TE library described above, an annotation of the repetitive sequences and
LTR-RTs through RepeatMasker (http://www.repeatmasker.org, accessed at 30 January 2022)
was performed in order to evaluate if the TEs found in the Hva were species-specific or
conserved with other genomes in the Pucciniales order. Using the assemblies, the LTR-RT
elements were detected and classified using Inpactor [49] (with input_type=fasta). Inpactor
uses LTR_finder [48] to discover elements following a structure-based method. Then, In-
pactor classified the LTR-RTs detected using a database of domains. At first, the Gypsy
Database was used, but due to the low-quality results obtained, the strategy implemented
in Inpactor’s step 3 was implemented to extract the following domains from complete-size
copies of the LTR-RTs found in Hva: INT, RT, GAG, AP, and RNAseH [49].

2.6. Setting Up a Reference Library of Domains and Complete LTR-RT Sequences of the Pucciniales
Order (PucciDB)

First, the six main domains of the LTR-RTs were extracted from the Hva genome,
i.e., the integrase (INT), reverse transcriptase (RT), aspartic protease (AP), RNAseH, en-
velope (ENV), and group-specific antigen (GAG) domains. The extraction was done by
a BLASTx between the Hv33 assembly and the domains presented in GyDB (with the
parameters -evalue 1 × 10−4 -max_hsps 1 -max_target_seqs 1). Then, the sequences with
hits were extracted by the genewise command from WISE2 and implemented in a bash
script. Next, those domains in the lineages and families found in the Hva assembly were
classified using the proposed names. Subsequently, the extraction of the domains was car-
ried out in the other 21 species of Pucciniales, but through utilizing the domains extracted
in the previous step from Hva. Additionally, a full-length element version of PucciDB
was created. The BLASTn between the intact LTR-RTs detected in Hva and the 21 Puc-
ciniales genomes was used, and the LTR-RTs in the different genomes were extracted
following the 80-80-80 rule (Wicker et al., 2007). A total of 34,449 domains were extracted,
in which INT, RT, AP, RNAseH, and GAG contributed, respectively, for 15,714, 14,310, 1597,
4619, and 1209. In order to be able to handle the database in a simpler way, they were
assigned a specific format for the domain IDs following the structure >Domain_Specie-
name_NumericIndicative#Superfamily+Lineage [27]. Additionally, for the 37,431 full-
length LTR-RTs found in the complete element’s version of PucciDB, the sequence IDs were
formatted in order to be compatible with RepeatMasker. Then, the following structure was
proposed: >Domain_Specie-name_NumericIndicative#LTR/Lineage/family.

3. Results
3.1. Identification and Annotation of Transposable Elements in the Hva Genome Assemblies

The detection of TEs was performed using the Hv33 assembly and different bioin-
formatic approaches to represent all the diversity of the elements. Five softwares were
finally used and detected a total of 2006 elements (consensuses and individual sequences)
of all classes (Table S1). From the 2006 TEs detected, 1676 were categorized as LTR-RTs
(autonomous and non-autonomous putative elements). After clustering to remove redun-
dancy, the LTR-RT library contained 1315 distinct elements. The other types of TEs (DNA
transposons and LINEs) were classified using PASTEC. Other types of retrotransposons
(such as SINEs, DIRS, and PLEs) were not found in the assembly. In total, the TE library

http://tree.bio.ed.ac.uk/software/figtree/
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contained 1264 elements, as follows: 91.7% (1159) were LTR-RTs, 7.3% (92) were DNA
transposons, and LINEs represented ~1% (13).

The LTR-RTs were subclassified into superfamilies and lineages using Inpactor, but
only the V_Clade lineage was identified, with 51 elements using the Gypsy Database as the
domain references [50]. Therefore, to classify the LTR-RTs more efficiently, a phylogenetic
analysis of all the LTR-RTs presented in the TE library was performed using their RT
domains as a reference (data not shown). No clade seemed to be close to the RT reference
domains of the Gypsy database, except for the V_Clade lineage. Then, these found clades
were renamed as Soroa, Baco, CO-HUI, Mapi, and Labe. Soroa, Baco, CO-HUI, and V_Clade
belong to the Gypsy superfamily, while Mapi and Labe belong to the Copia superfamily. To
investigate these new groups, we extracted all the RT domains present in the Hv33 assembly
(with a length greater than 200 amino acids) to construct an exhaustive phylogenetic tree.

The tree obtained from the alignment of the 6476 RT domains confirmed the presence
of the V_Clade lineage and the five additional clades (Soroa, Baco, CO-HUI, Mapi, and
Labe) (Figure 1A). An analysis of tree topology and branch length also suggested a large
difference in the number of RT domains in each clade and a different evolution. In particular,
two large clades (CO-HUI and Soroa) showed the presence of subgroups that need to be
analyzed in detail. Phylogenetic trees were constructed for the RT domains from CO-HUI
(using 2858 RT domains) and Soroa (using 1226 RT domains), respectively (Figure 1B,C).
Based on the tree topologies, CO-HUI can be subclassified into four families named Andes,
Betania, Amani, and Peregrino (Figure 1B), and Soroa can be sub-grouped into three families
named JCO, Inspector, and Retaso (Figure 1C). One complete representative element of
each new family identified from the phylogenetic trees was extracted and annotated in
detail (Supplemental Material File S2). The length of the different identified elements
ranged from 4931 bp (Mapi) to 12,825 bp (JCO and Soroa) (Figure 2). The length of the
LTR domains ranged from 177 bp (Mapi) to 1483 bp (Betania and CO-HUI). For most of
the elements representing the families, the GAG domain could not be identified. However,
a chromodomain (chromatin organization modifier domain) was identified for Andes,
Betania, Amani, and Peregrino (CO-HUI) (Figure 2). Among these representative elements,
three are classified as non-autonomous, or inactive, with the presence of several frameshifts
in coding regions (Labe, Baco, and Retaso).
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Figure 2. Structure of identified families of the LTR-retrotransposons in Hva. The following domains are
shown: LTR (long terminal repeat), RT (reverse transcriptase), GAG (capsid), AP (aspartic protease), RH
(RNAse H), INT (integrase) and C (chromodomain). The representative elements with * are considered
as non-autonomous, or inactive, due to the presence of frameshifts in the coding regions.

To study the structure of the LTR-RTs in the Hv33 genome, and to compare it with the
representative elements used in the Figure 2, 30,470 full copies of the LTR-RTs presented
in the library were extracted using the 80-80-80 rule [27]. The elements were then used to
investigate the full-size distribution of the LTR-RTs and LTR domains of the members of
each lineage/family (Figure 3). The CO-HUI (with an average length of 9121 bp) families
(Andes, Betania, Peregrino, and Amani) show an average size of between 8600 and 9500 bp,
with Betania being the largest. Mapi, Baco, and Labe are the shortest elements, with
averages of 5232 bp, 5985 bp, and 7335 bp, respectively. Soroa, at the opposite, is the largest,
with an average length of 12,526 bp, and with its JCO elements being the longest. V_Clade
demonstrated a very high variability in the lengths of its members. This result, which is the
same as the composition shown in Figure 1A, may suggest that V_Clade is composed of
more than one family. Nevertheless, the lack of contiguity of the assemblies (i.e., the low
N50 values) did not all permit going deeper into the analysis [27].
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Figure 3B shows similar patterns to the elements in Figure 3A. Mapi and Baco had the
shortest LTR sequences, with 166 bp and 338 bp, respectively. On the other hand, CO-HUI
and Soroa have the largest LTR domains, with 939 bp and 709 bp, respectively, on average.
Once again, V_Clade demonstrated a high variance. Interestingly, CO-HUI showed higher
number of outliers for both full-length elements and LTR domains.

To better understand the LTR-RT structure of each lineage, the presence or absence of
six domains was confirmed among the 54,125 full copies predicted, and included: integrase
(INT), reverse transcriptase (RT), aspartic protease (AP), RNAseH, envelope (ENV), and
group specific antigen (GAG) (Figures S1 and S2). Mapi and Labe, both from Copia, are
lineages found more frequently within the GAG, INT, RNAseH, and RT domains, while the
others were not identified in the GAG domains. This observation suggests that the GAG
domains were not identified for the Gypsy superfamily, and so these domains might be
different from the reference used in this study.

3.2. Copy Number Estimation and the Contribution of TEs to the Hva Genome Size

The copy number of the LTR-RT lineages and families in the available Hva genome
assemblies was investigated. We first attempted to estimate the copy number of the
retrotransposons in the Hv33 genome, taking into account only the presence of the RT
domains for each lineage due to its high structure conservation [59]. The most numerous
RTs belonged to the CO-HUI lineage in the Hv33 assembly (3504 domains). If we consider
that each RT belongs to a full-length CO-HUI element, this lineage might contribute
significantly to the size of the Hva genome (Figure S3).

The copy number of the transposable elements was also estimated using the 80-80-80
classification rule proposed by [27]. Here again, the CO-HUI lineage shows the highest copy
numbers (12,380), followed by V_Clade (1803) (Figure S4A). At the CO-HUI sub-lineage
level, Amani, Betania, and Peregrino show the highest copy numbers, with 4399, 2707,
and 2593 copies, respectively (Figure S4B). Considering the average size of the complete
elements of the CO-HUI lineage (about 9 kb), it can be estimated that, in the past, about 111
Mb of this lineage has been inserted into the Hva genome.

The TE library obtained with the analysis of the Hv33 assembly was used to annotate
both the HvCat and Hv33 assemblies using RepeatMasker. The results indicate that the
LTR-RTs represent the main part of the assemblies, with 32.64% and 46.92% for HvCat
and Hv33, respectively. The LTR-RTs represent the vast majority of all the TEs identified
(79.3% and 85.6% respectively for HvCat and Hv33) (Figure S5). At the TE family level, the
most redundant elements are IS3EU and PIF-Harbinger for transposons, L1 for non-LTR
retrotransposons, and CO-HUI (12.31% in HvCat and 23.26% in Hv33) and Soroa (~9% in
HvCat and ~13.7% in Hv33) for LTR retrotransposons (Figure S6). The HvCat and Hv33
assemblies have a size of 201 Mb and 543 Mb, respectively, and only represent a fraction of
the estimation of the genome size measured by flow cytometry (733.5 Mb [24], 796.80 Mb
(Fungal Genome Size Database, http://www.zbi.ee/fungal-genomesize/, accessed at
19 March 2021), and 796.8 Mb [14]. This suggests that a significant part of the genome remains
unassembled, potentially corresponding to repeated regions and transposable elements.

To tentatively estimate the proportion of LTR-RT retrotransposons in the Hva genome
and not the proportion of the assemblies, raw reads were used (454 reads SRA: SRR833265,
~710,000 reads). LTR-RTs contribute to 53.3% of all 454 raw reads, which is significantly
higher than the estimation of that in the assemblies. At the family level, CO-HUI and Soroa
showed large variations for the presence of LTR retrotransposons according to the mapped
454 reads and the Hv33 and HvCat assemblies (Figure 4). Overall, these results strongly
suggest that the contribution of TEs to genome size must be larger than estimated with
current assemblies. In the future, a more complete sequenced and assembled Hva genome
should allow a better estimation of the contribution of TEs to the genome composition. In
the meantime, since the Hv33 genome seems to be more representative for the analysis of
TEs, it will be used for further analysis.

http://www.zbi.ee/fungal-genomesize/
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Figure 4. Comparison of the contribution of each LTR-RT lineage to the mapped 454 raw reads
(blue), Hv33 assembly (green), and HvCat assembly (orange). The y-axis represents the percentage of
genomic information belonging to each lineage.

3.3. Transcriptional Analysis of the LTR-RT Lineages and Families Using RNA-Seq, and Their
Relationships with Coding Genes

More than 3025 insertions into exons and 1843 into annotated genes were identified
for the Soroa LTR-RT lineage. Mapi, CO-HUI, and V_Clade showed less insertions in exons
and annotated genes (Figure 5A). These results give the opportunity to test if the insertion
of LTR-RTs in the vicinity of genes can generate a co-transcription of the host gene and the
inserted element.

To test this hypothesis, 21,174 coding sequences (CDS) from Pucciniales were down-
loaded in order to perform a discordant reads mapping analysis. The paired RNA-seq
reads were mapped against the Hva TE library. Pair-end (PE) reads with only one read
mapped on the Hva TE library were kept. Then, the unmapped reads of these PE reads
were aligned against the CDS using the BLASTn (with a nucleotide identity of >95%). The
number of PE reads with both similarity to LTR-RTs and coding sequences is indicated in
Figure 5B. Mapi is the LTR-RT family with more co-expressed transcripts, with 232,278 hits
(75.78% of all hits), and Soroa is second, with 56,460 hits (18.42%). Finally, Baco contributed
only 58 hits (0.019%) (Figure 5B).

Available RNA-seq for the Hva genome [25] was used to study the expression of LTR
retrotransposons lineages and families. Sequences were mapped against the LTR-RT library
and the hit counts were normalized using RPKM (reads per kilobase million), with the
average length for each lineage/family. The normalized counts indicate a higher expression
for the Mapi, CO-HUI, and V_Clade lineages (Figure 5C), while no expression was detected
for Baco. Amani and Andes were the most-expressed sub-families (Figure S7).

3.4. Characterization of the Conserved LTR-RT Lineages in the Pucciniales Genomes

The lineages and families of the LTR-retrotransposons seem to contribute to differ-
ent manners to the Hva genome structure and evolution. We studied the contribution
of these elements to the evolution of the Pucciniales species. Then, 21 available Puc-
ciniales genome assemblies (Supplemental Material File S1) were downloaded and ana-
lyzed. The TEs were identified and annotated following the same methodology used for the
Hva genome. The percentage of LTR-RTs varies drastically, from 47% for Hva to 2.8% for
P. horiana. Full-length LTR-RTs were not found in two species (Melampsora allii-populina and
Uromyces transversalis). The average percentage of LTR-RTs in these genomes was about 8%,
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suggesting that the number of TEs is globally low in the Pucciniales genomes (Figure S8A).
At the LTR retrotransposon level, all the lineages present in Hva are also identified in the
Pucciniales genomes. However, large variations are observed, with a maximum genome
contribution observed for both CO-HUI and Soroa in Hva (Figure S8B).
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Figure 5. Number of LTR-RTs inserted into to annotated genes and exons. (A) The intersection between
the LTR-RT elements and genes and exons in the Hv33 genome. (B) The co-expression analysis of
Pucciniales between the annotated genes and LTR-RTs. The co-expression is represented as numbers of
hits for each lineage. (C) RNAseq expression of the LTR-RTs. The RNAseq hits were normalized using
RPKM (reads per kilobase million), which used the average length of each element’s lineage.

In order to understand the relationships between the variations of LTR-RTs and the
Pucciniales genome size evolution, the genome assembly length and the percentage of the
LTR-RT lineages for 22 Pucciniales species were plotted in a phylogenetic context.

The tree shown in Figure 6 was constructed using concatenated BUSCO genes. Detailed
information about the proportions of each LTR-RT lineage and family, as well as the non-
autonomous LTR-RT elements (i.e., TRIM [60], LARD [61], and TR_GAG [62]) of the total
number of elements found in the Pucciniales assemblies, can be found in Figure S9. At the
phylogenetic level, several patterns of LTR-RT composition are present. The Cronartiaceae
group contains significant LARD elements, while the Melampsoraceae group contains an
increase in V_Clade lineage elements. The Pucciniaceae group appears to be heterogeneous
in the LTR-RT compositions. Interestingly, the large genomes of Hva and Apsidii contain the
largest numbers of CO-HUI lineages.
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4. Discussion

Rust species have been studied at the genomic, transcriptomic, and proteomic levels.
However, due to the complexity of these obligate plant pathogen genomes [15], there
are only 24 genomic assemblies reported so far in the NCBI database. These genomes
are part of Pucciniales order, and include Melampsora larici-populina (101 Mb), Puccinia
graminis (89 Mb) [18], Puccinia triticina (~106 Mb) [19], Puccinia striiformis (~88 Mb) [20],
and Austropuccinia psidii (1.2 Gb) [21], among others. For coffee leaf rust, there are two draft
genome assemblies, one with a length of 201 Mb, released in 2014 [22], and the other with
an assembly length of 543 Mb, as published in 2019 [23].

4.1. Identification and Annotation of the Transposable Elements in Available Hva Genomes:
A Challenge

The aim of this study was to understand the contribution of the transposable elements
(TE) to the genome size of Hva using the available genomic data. The quality and contiguity
of the sequenced genomes are the most important criteria to ensure the identification of a
large number of full-length copies during the TE annotation process. Genome assemblies
with small contigs length (called fragmented assembly) do not generally allow for the
correct identification and annotation of complete TE structures. TEs such as LTR-RTs have
a size ranging from 4 to 20 Kb [50]. The two assemblies used in this study show an N50
(a statistic similar to a mean or median length) of 3.6 Kb for HvCat [25] and 9.9 Kb for
Hv33 [23], which represents a great limitation in the discovery of complete TEs and for the
constitution of a quality reference database. Moreover, the available genomes represent
only 25% and 67%, respectively, of the estimated genome size of Hva, clearly indicating
that a significant part of the genome is missing in these available assemblies.

Nevertheless, while waiting for a better quality of genome assemblies, we have used
two complementary de novo approaches, structure-based and homology-based methodolo-
gies (reviewed in [26]), to construct a first reference library of the transposable elements
for Hva. Structure-based approaches are very sensible to the fragmentation of the genome
assembly and allow the recovery of individual elements. At the opposite, the de novo
homology-based approaches, as implemented by REPET [45], allow the reconstruction of
the TE consensuses, and are less sensitive to the fragmentation level of the assembly. We
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recovered 2006 elements in total, but of course, this reference cannot be complete because
some elements may not be found in the assembled part of the available genomes, as was
the case for the Pineapple genome [63], where an LTR-RT (Pusofa) was found mainly in
raw reads. Here, we found that the Hva TEs are mainly composed of LTR-RTs (85.6%).
This predominance of LTR-RTs is related to the high proportion of TEs in the Hva genomes.
Sequencing 135 small- to medium-sized fungal genomes revealed that the proportion of
LTR-RTs correlates well with the proportion of TEs in these genomes [64]. However, the
high proportion of LTR_RTs does not necessarily correlate with the size of these genomes,
as reported for basidiomycete [65]. The LTR-RTs were classified into superfamilies (i.e.,
Copia and Gypsy) and into lineages and families. Two new Copia lineages (Labe and Mapi)
and three new Gypsy lineages (Soroa, Baco, and CO-HUI) were identified based on the
phylogenetic analysis of their RT domains. The CO-HUI lineage, which was 8 to 11 kb size,
carries a chromodomain (chromatin organization modifier domain) in the polyprotein (pol)
open reading frame. Such structures have been previously detected as the dominant group
of TEs in a systematic analysis of the LTR-RTs in 59 fungal genomes [66]. The presence of a
chromodomain that classifies this group of elements as Chromoviridae [67] may suggest
a preference for insertion into heterochromatin. The Soroa lineage contains the longest
elements, which are 11 to 14 kb in size, and it has an LTR domain varying between 305 bp
and 1331 bp. The elements of Mapi, Baco, and Retaso (a family of the Soroa lineage) do
not seem to be complete or functional, since they present a number of mutations that
create frameshifts in the polyprotein ORF. It is likely that complete copies are present in the
genome, but that the fragmentation of the assemblies did not enable their identification. If
our annotation identified five new LTR-RT lineages, an improved Hva genome with higher
contiguity could allow for the identification of more new structures.

4.2. The Hva Genome Is Mainly Composed of Three LTR-RT Lineages

Here, we found that transposable elements comprised ~55% of the Hva draft genome
(Hv33), which is slightly higher than the initial analysis [23]. Indeed, the LTR retrotrans-
posons cover a large part of the assembly and represent 46.9% of the genome in total.
Unfortunately, the raw (PacBio) reads of the Hv33 genome have not been made public by
their authors, and the proportion of the LTR-RT elements could not be quantified using
a mapping strategy of the unassembled reads. Similarly, the presence of other LTR-RT
lineages in the unassembled raw reads, which were not present in the assembly, could
not be tested. However, we used the 454 raw reads made available by [25] for the HvCat
assembly. The 454 raw reads contained 53.3% of the LTR-RT elements compared to 31.6%
for the HvCat assembly, suggesting that numerous copies of the identified LTR-RTs were
unassembled, and so the proportion of TEs might be generally underestimated when based
on assemblies. A conclusion was obtained for the Amanita fungi genomes [68]. Finally, for
the Hv33 genomes, a similar dramatic variation between the assembly and the unassembled
reads could be expected.

The analysis of the proportion of the different LTR-RT lineages indicates that three
lineages from the Gypsy superfamily, CO-HUI, Soroa, and V_Clade, contribute to 51.7%
(281.2 Mb) of the Hv33 assembly size and correspond to 93.3% of all the LTR-RTs identified.

CO-HUI full-length elements contribute more than 215 Mb (23,651 copies, with an
average length of 9121 bp), V_Clade elements contribute 64.3 Mb (6584 copies, with average
length of 9762 bp), and Soroa, 1.9 Mb (152 copies and an average length of 12,526 bp) to
the genome of Hva. For CO-HUI only, 3504 RT domains were recovered from the assembly,
indicating a discrepancy with the number of estimated copies. Such a discrepancy suggests
that most of the elements were fragmented, partial, or non-autonomous. This can be due to
the fragmentation of the assembly or to processes of unequal and illegitimate intra- or inter-
element recombination [69]. The insertion time of full-length LTR-RTs can be estimated
by the divergence between the two LTR domains [70]. Unfortunately, too few full-length
LTR-RTs have been identified in the assemblies to conduct this analysis and to study the
dynamics of the insertion of elements. However, the phylogenetic tree of the RT domains
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let us hypothesize the past activity of the LTR-RTs. For the Gypsy superfamily, the CO-HUI,
Soroa, and, to a lesser extent, V_Clade lineages, numerous shorter branches indicate recent
insertion activity. Together with the contribution of these three lineages to the assembly
length, we suggest that recent activity of CO-HUI, Soroa, and V_Clade might be at the
origin of the genome size expansion of Hva. The propensity of retrotransposons to suddenly
increase the size of their host genome is now well established, and has been highlighted by
the doubled genome size of Australian rice (Oryza australiensis) through the activity of three
LTR-RT families [71]. For fungi, a burst expansion of the Gypsy LTR-RTs was identified in
a strain of Microbotryum [72]. However, for Hva, the timing of the insertions remains to be
determined in order to understand if the expansions of the CO-HUI, Soroa, and V_Clade
lineages were simultaneous, or if the events were successive, sudden, or progressive.

Finally, we tried to understand the impact of the LTR-RTs on the coding sequences.
The CO-HUI and V_Clade lineages were not very frequently found inserted in exons
or annotated genes, which are supported by the presence of a chromodomain with a
preference of insertion in the heterochromatin. On the other hand, Soroa showed a high
number of insertions in the coding regions. Together with a significant expression found in
RNAseq data, Soroa could have a significant impact on the functions and expressions of
genes. Several mutations induced by TE insertions were reported in fungi, with negative or
positive effects [65,73]. However, an analysis of 625 publicly available fungal genomes [66]
identified numerous overlaps between the TE remnants and coding genes, but had no
correlation with gene function. Nevertheless, the transposable elements could modulate
the expression of adjacent genes with a repressive effect [39]. If we can consider most of the
insertion of the TEs as neutral for gene function, the specific insertion pattern of Soroa into
the coding regions and its consequences should be studied in detail.

4.3. Pattern of LTR-RT Fractions in the Pucciniales Genomes

The genome size of Pucciniales varies over tenfold from 70 to 893 Mb [14], suggesting
that genome size expansion is one characteristic of rust fungi. Here, the main objective
was to assess the abundance of the LTR-RT lineages and families in the context of the
Pucciniales’s phylogenetic relationships and genome size variations. The Hva TE library
was initially used for the Pucciniales genomes annotation, but a low proportion was recov-
ered. Only 3.9%, 2.3%, 5.1%, and 14.4% of the P. graminis, M. larici-populina, P. triticina, and
A. psidii, genomes, respectively, were identified as TEs. It has been previously established
that the repeat content of these genomes is 45% for P. graminis and M. larici-populina, ~40%
for P. triticina, and ~27% for A. psidii [74]. A de novo re-annotation of 21 Pucciniales
genomes allows us to construct a database of annotated elements (called PucciDB) with a
similar process of annotation for comparison purposes. The abundance of LTR-RT generally
varies with the genome size of the species. Most of the LTR-RTs identified as belong to
the Gypsy superfamily were commonly found in other fungi [66]. However, U. viciae
(86.7%), P. sorgui (60%), and P. novopanici (56.7%) show a high proportion of Copia elements,
suggesting that this superfamily is also able to increase its copy number in Pucciniales.

Interestingly, correlations were observed between the patterns of the LTR-RT lineage
abundances and rust families. Species of Cronartiaceae and Melampsoraceae each have a
specific LTR-RT lineage abundancy pattern, suggesting that this pattern has been conserved
and transmitted in the evolution of each family. In contrast, the Pucciniaceae family shows
heterogeneous patterns that correlate with the genome size variations, and the largest
genomes show an expansion in the CO-HUI and Soroa lineage abundances. This finding
of the expansion of some LTR-RT lineages in large genome sizes needs to be expanded to
more closely related species, with the advance of sequencing in rust families [14,22].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12071665/s1, Table S1: Number of TEs detected by
each software in the Hv33 assembly. Figure S1: Domains present in the LTR-RTs used to annotate
the assemblies. (A) Labe, (B) Soroa, (C) Baco, (D) Andes, (E) Betania, (F) Peregrino, (G) Amani, and
(H) Mapi. Andes, Betania, Peregrino, and Amani correspond to the CP-HUI lineage. Figure S2:
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Counting the presence of each domain in the lineages identified for Hva. Figure S3: Number of RT
domain copies in the Hv33 assembly. Figure S4: Copy numbers of the TEs identified in the Hv33
assembly. (A) The LTR-RTs linages (in blue) and DNA TEs superfamilies (in orange), and (B) the CO-
HUI families. ‘CO-HUI elements’ here means the elements which could not be classified in one of the
four families. LINEs were not shown due to their few copies (less than 40). Figure S5: Composition
of DNA transposons, LTR retrotransposons, and LINEs in the HvCat and Hv33 assemblies. Figure
S6: Composition of the DNA transposons (A), LINEs (B), and LTR-RTs (C) families in the HvCat
and Hv33 assemblies. Figure S7: RNA-seq RPKM normalized counts for the LTR retrotransposon
CO-HUI lineage families. Figure S8: Identification and annotation of the LTR-retrotransposons in
22 Pucciniales genomes, including Hva (Hv33). (A) The percentage of TEs for each Pucciniales
assembly. (B) The percentage of LTR-RT lineages for each Pucciniales assembly. Species were sorted
based on the phylogenetic tree shown in Figure 6. Figure S9: Proportion of each type of full-length
LTR-RT found in the 19 Pucciniales genomes. The LTR-RTs from Cquescuum (Cronartium quercuum)
could not be classified into any superfamily or lineage. RLG: Gypsy superfamily, RLC: Copia
superfamily. The species were sorted by their position in the phylogenetic tree shown in Figure 6.
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